Fosfazinomycins A and B produced by Streptomyces lavendofoliae share the same phosphonate moiety with one chiral centre of unknown configuration which was determined by synthesising both enantiomers of 2-hydroxy-2-phosphonoacetic acid methyl ester. A chiral cyclic phosphite was reacted with methyl glyoxylate in a Pudovik reaction to give a pair of diastereomeric α-hydroxyphosphonates, which were separated by HPLC. The configurations at C-2 were assigned on the basis of single crystal X-ray structure analysis.
Introduction
Phosphonates and phosphinates are organic compounds characterised by either one or two phosphorus-carbon bonds. Over the past few decades they have been studied extensively and are nowadays used in medicine and agriculture. 1 They have interesting biological properties, 2 which can be attributed to their structural similarity to phosphoric acid esters and carboxylic acids, as well as to the high stability of the incorporated P-C bonds. 3, 4 They can be found both free and bound to structural components such as lipids or proteins. As conjugates with macromolecules they either enhance the structural rigidity of the latter or protect them against enzymatic degradation.
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There is a steadily growing, fascinating group of about a dozen small molecules of natural origin containing a P-C bond, some of which are bioactive. 1, 6 Their properties range from antibacterial, antiviral or antibiotic to pesticidal and enzyme inhibitory. Fosfomycin (1) is a clinically used antibiotic, 1,7 phosphinothricin (2) a commercially important and very potent herbicide, 8 fosmidomycin (3) an antimalarial agent 9 and 2-amino-1-hydroxyethylphosphonic acid (4) 10,11 is a component of the lipophosphonoglycan of the plasma membrane of Acanthamoeba castellanii (Fig. 1) . The current work deals with two other members of the group of small bioactive phosphonates, namely fosfazinomycins A (5a) and B (5b) (Scheme 1). They were first isolated in 1983 from the fermentation broth of Streptomyces lavendofoliae and are active against some filamentous fungi. 12 Structure elucidation revealed fosfazinomycin to be a mixture of two components, A and B. They both contain L-arginine as well as a unique phosphonohydrazine moiety. 13 16 The purpose of this work was to synthesise both enantiomers of 2-hydroxy-2-phosphonoacetic acid methyl ester (6) of known absolute configuration. Their specific optical rotation will allow assigning the configuration to the natural product. This information might be helpful in unravelling the biosynthesis of fosfazinomycins.
Results and discussion
Synthetic challenges P-C bonds in phosphonates are generally chemically very stable towards cleavage by bases and acids. However, α-hydroxyphosphonates are chemically labile. 17 Their formation from aldehyde and phosphite and cleavage to the same compounds are catalysed by a base. Although chiral α-hydroxyphosphonate 6 looks very simple, we anticipated some obstacles during its synthesis. First, racemisation can interfere if the chiral, nonracemic hydroxyphosphonate is treated with a base. Second, the stereogenic centre here is base-labile as the α-hydrogen is acidified by the ester and the phosphonate group, irrespective of whether it is protected or not. Third, the base can induce an α-hydroxyphosphonate-phosphate rearrangement 18 assisted by the ester group, which itself can be hydrolysed. To avoid these problems, very mild reaction conditions and catalytic removal of protecting group(s) from phosphorus at the end were mandatory.
Original synthetic strategy
Initially, we envisaged to generate racemic dibenzyl α-hydroxyphosphonate (±)-9, possibly separable by HPLC on a chiral stationary phase. Catalytic removal of the protecting groups would give the enantiomeric 2-hydroxy-2-phosphonoacetic acid methyl esters (R)-and (S)-(6) in the final step (Scheme 2). Therefore, methyl glyoxylate (7) was prepared from glyoxylic acid monohydrate and methyl dimethoxyacetate by a literature procedure. 19 It was reacted immediately in a Pudovik reaction 20 with dibenzyl phosphite (8) at −78°C in the presence of Et 3 N as a base catalyst to give the desired racemic α-hydroxyphosphonate (±)-9 in moderate yield (64%). Unfortunately, the two enantiomers could not be separated by HPLC on a Chiralcel OD-H column using various mixtures of iso-propanolhexanes.
Revised strategy and synthesis
Therefore the synthetic strategy had to be changed. We decided to prepare a cyclic phosphite of known absolute configuration, which will yield a pair of diastereomeric cyclic α-hydroxyphosphonates upon reaction with methyl glyoxylate. Flash column chromatography and deprotection would give the free phosphonic acids (R)-and (S)-6. Thus,
was heated at 80°C with commercially available bis(2,2,2-trifluoroethyl) phosphite (10) 22 in dry pyridine hoping to get cyclic phosphite (R,R)-12 (Scheme 3). As the phosphorus atom in this case is a chirotopic, non-stereogenic center, 23 only two diastereomers would be formed with methyl glyoxylate compared to four, when not using a C 2 -symmetric diol. However, only polymeric material resulted upon transesterification for Organic & Biomolecular Chemistry Paper unknown reasons. Increasing the reaction temperature to 120°C or replacing phosphite 10 by diethyl phosphite did not yield cyclic five-membered phosphite (R,R)-12 either.
Assuming that a cyclic six-membered phosphite would be more favourable, (R,R)-1,2-diphenylethane-1,2-diol was replaced by (R*,R*)-1,3-diphenylpropane-1,3-diol [(R*,R*) -14] . First trials were performed using the racemic diol (±)-14, which was readily available. 24 Transesterification proceeded quantitatively within 1.5 h at room temperature in pyridine as judged by NMR spectroscopy (Scheme 4).
As it proved to be useful, we tried to prepare diol (R,R)-14 by a literature procedure from (S)-2-chloro-1-phenylethanol via the dilithiated species, which was added to benzaldehyde. Contrary to the literature, which reported only the (R,R)-product to be formed in 79% yield, our (R,R)-14 : meso-14 ratio was 1.0 : 0.8 and the yield was low (35%). 25 As it could not be improved, enantioselective reduction of dibenzoylmethane (17) with Ru( p-cymene)[(R,R)-Ts-DPEN] (18) seemed to be an attractive alternative to get this chiral diol (Scheme 5). 26 This asymmetric transfer hydrogenation worked best with a mixture of 4.4 equiv. of HCO 2 H and 2.6 equiv. of Et 3 N as a hydrogen source and the yield of the crystallised product was 71% (ee >99% by chiral HPLC).
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Having the enantiomerically pure diol (R,R)-14 in hand, it was used to generate the cyclic phosphite (R,R)-15 which was added to methyl glyoxylate (7) at −78°C in a Pudovik reaction 20 catalysed by Et 3 N (Scheme 4). When the reaction mixture was allowed to warm to −50°C in the cooling bath, the two diastereomeric α-hydroxyphosphonates 16a and 16b were formed. Addition of an equimolar amount of CF 3 CO 2 H relative to Et 3 N, extractive workup and flash chromatography gave an inseparable mixture of the two diastereomers (in a 1 : 1 ratio) in low (50-55%) yield. Replacing CF 3 CO 2 H by CH 3 SO 3 H to neutralise the amine caused a lower yield. However, when the transformation was finished (as can be easily determined by NMR spectroscopy) and the reaction mixture was directly applied to the silica gel column for flash chromatography without the addition of an acid, the diastereomeric mixture of 16a and 16b was obtained in good (78%) yield. Unfortunately, the two diastereomers could not be separated by flash column chromatography, but only by preparative HPLC (CH 2 Cl 2 -EtOAc = 1 : 1; t R (16a) 7.8 min, t R (16b) 9.9 min). Crystallisation of both diastereomers from CH 2 Cl 2 produced crystals suitable for single crystal X-ray structure analysis ( Fig. 2 and 3 ). Diastereomers 16a and 16b were found to have (S)-and (R)-configuration, respectively, at the carbon atom bearing the hydroxyl group. These α-hydroxyphosphonates were used for the next and final step in the reaction sequence, removal of the diol protecting group from phosphorus by hydrogenolysis in MeOH. The 1,3-diphenylpropane formed was removed by extraction with hexanes. Concentration of the methanolic solutions furnished the α-hydroxyphosphonates (R)-and (S)-6 in sufficient purity for collecting the analytical data. Their specific optical rotations Scheme 5 Highly enantioselective preparation of (R,R)-14. . 16 By comparison with the synthetic samples, it was concluded that it has (S)-configuration and has evidently partly racemised during the cleavage process. The finding that the only other known α-hydroxyphosphonate of biological origin, which is 2-amino-1-hydroxyethylphosphonic acid (4), has (R)-configuration will have biosynthetic implications.
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To underpin the consistency between the structure of the α-hydroxyphosphonic acid 6 isolated from fosfazinomycins and the synthetic samples, and to determine the ee of our samples, (R)-6 was esterified with diazomethane in methanol (Scheme 6).
The crude product obtained by concentration of the reaction mixture under reduced pressure was dimethyl phosphonate (R)-19 (ee 99%, by NMR spectroscopy using (R)-(+)-t-butyl-(phenyl)monothiophosphinic acid as a chiral shift reagent) 28, 29 in admixture with a small amount of a compound tentatively assigned the structure of methyl ether (R)-20 (molar ratio of (R)-19 : (R)-20 = 88 : 12). They were separated by flash chromatography. The NMR spectrum of homogeneous (R)-19 was identical to that of an authentic sample of (±)-19, 30 Pyridine was dried by refluxing over powdered CaH 2 , followed by distillation and storage over molecular sieves (4 Å). Dichloromethane was dried by passing through aluminium oxide 90 active neutral (0.063-0.200 mm, activity I) and stored was dissolved in CH 2 Cl 2 (2 mL) and treated with KOH (9 mg, 0.16 mmol) dissolved in water (2.5 mL) at room temperature whereupon the solution turned from brownish red to purple. The aqueous phase was separated and the organic phase was dried (CaH 2 ). The solution was filtered and concentrated under reduced pressure to give Ru( p-cymene)[(R,R)-Ts-DPEN] (78 mg, 81%) as a purple solid, which could be stored at room temperature under an inert atmosphere for about two weeks.
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. 27 Formic acid (1.013 g, 0.83 mL, 22 mmol) was added dropwise to Et 3 N 
(457 mg, 2.0 mmol) was dissolved in dry pyridine (10 mL) at room temperature under argon. Bis(2,2,2-trifluoroethyl) phosphite (541 mg, 0.35 mL, 2.2 mmol) was added and the reaction mixture was stirred for 1.5 h. The solvent was removed in vacuo and traces of the remaining pyridine were removed by azeotropic distillation with toluene (2 times). The crude cyclic phosphite (R,R)-15 (549 mg, quant.) was isolated as a colourless oil of sufficient purity for the next step. An analytical sample was purified by flash chromatography (EtOAc, R F 0.70); ν max /cm 16a and 16b (1.888 g, 78%) as an oil. The ratio of 16a to 16b was 1.16 : 1.00 (by 31 P NMR).
The diastereomers were separated by preparative HPLC (CH 2 Cl 2 -EtOAc 1 : 1, t R (16a) 7.8 min, t R (16b) 9.9 min) and crystallised. A single crystal of each diastereomer was picked directly from the solution for X-ray structure analysis. 
